Tympanometry is effective in the early identification of changes in the external ear (EE) and middle ear (ME), and its use is well established for children and adults. However, its use for newborns and infants is still controversial. The literature recommends 1,000-Hz tympanometry for infants under 6 months, which has a greater sensitivity for the correct identification of ME dysfunction in this population.
Introduction
Tympanometry is effective in the early identification of changes in the external ear (EE) and middle ear (ME), and its use is well established for children and adults. However, its use for newborns and infants is still controversial. The literature recommends 1,000-Hz tympanometry for infants under 6 months, which has a greater sensitivity for the correct identification of ME dysfunction in this population.
admittance of the system. On the other hand, the more rigid the TM, the more energy will be reflected, creating greater system impedance. 3, 4 Tympanometry is a measure of the variation of the acoustic impedance of the tympanic ossicular system caused by pressure variations introduced into the external auditory canal and indicates the condition of the ME and auditory pathways. 4 In audiology, the most commonly used probe tone has a low frequency of 226 Hz; however, more modern equipment includes additional probe tones such as 660, 678, and 1,000 Hz. Tympanometry is a common practice in children and adults, and its specifications are very well established. However, there are many uncertainties regarding the specificity and sensitivity of the probe tones used in the evaluation of neonates and infants. The literature has shown that in neonates and infants, tympanograms obtained with a low-frequency probe tone can be recorded as normal, even in the presence of altered ME function.
2-6 High-frequency probe tones, in particular 1,000 Hz, have a higher sensitivity for the identification of ME changes and therefore should be used in neonates and infants under 6 or 7 months of age if possible.
2,4-8
The objectives of this study were to systematically analyze national and international scientific publications on the application of tympanometry in infants using 226-Hz and 1,000-Hz test tones and to compare sensitivity and specificity between these two test tones.
To investigate the number of publications on this topic, two researchers independently conducted a bibliographic survey in the SciELO, Latin American and Caribbean Literature on the Health Sciences (LILACS), MEDLINE, Cochrane, Scopus, and ISI Web of Knowledge electronic databases. For the search strategy, the Descriptors in Health Sciences (MeSH, created by the National Library of Medicine) term acoustic impedance tests was combined with the words neonate and infant. National and international articles published in the past 10 years were examined, delimiting the period between January 2001 and December 2011.
The inclusion criteria for the full analysis of texts were as follows: original article or case report; infants up to 7 months old as the research subjects; use of 1,000-Hz probe tone as tone test during tympanometry; description of tympanometric curves obtained; and published in Portuguese, English, or Spanish.
The articles that met the inclusion criteria were selected for review in full, analyzed, and organized in a database with the following parameters: author(s), title, source, year, research type, sample characteristics, test tones used, main findings, and classification of tympanometric curves.
Discussion
Initially, 447 articles were identified. Thirty-six articles were found in the SciELO database, 11 in the LILACS database, 199 in MEDLINE, 0 in the Cochrane database, 16 in ISI Web of Knowledge, and 185 in the Scopus database. We excluded 433 publications because they did not fit the selection criteria, leaving 14 publications that were analyzed in their entirety.
The route taken for selection and analysis of text is shown in ►Fig. 1.
The 14 selected publications were analyzed considering the source and year of publication. It was found that in the 10-year period investigated (2001 to 2011), the number of studies performed on tympanometry with high-frequency probe tones was not significant, but the number of publications increased from the year 2006 (►Table 1).
A thorough analysis of the publications was performed considering the characteristics of the sample, the test tone frequencies used in tympanometry, the main findings identified, and the classification of tympanometric curves (►Table 2). This information is presented and discussed hereafter, with the assistance of other theoretical publications considered relevant for the purpose of better understanding the topic in question.
Test Frequency and Age
In neonates and infants, growth entails changes in the ear that generate mechanical alterations, which can influence tympanogram recordings. These changes include increased EE, mastoid, and ME cavity; mass reduction of the ME due to changes in bone density; and bone formation in the wall of the external auditory canal. 4 In addition, the resonance of the ME is modified according to age; the resonance frequency of the ME is lower in babies when compared with the values of an adult. 9 Sagging of the ear canal can also cause movement of the wall of the ear canal.
10,11
In the literature, there are notable divergences in the age at which the high-frequency probe test is recommended. There are indications for its use in children under 7 months of age, 2,4-8 less than 6 months old, 12,13 less than 4 months old, 14 and under 5 months of age. 7 Other authors claim that for use of 1,000-Hz test tones in infants up to 3 months old and between 3 and 9 months of age, ME evaluation must be performed in two stages. Initially, the 1,000-Hz test tone should be used and in cases of failure with this tone, testing should then be performed with a 226-Hz probe tone. The use of a low test frequency of 226 Hz has also been indicated for the assessment of infants over 9 months.
15

Classification of Tympanometric Curves
According to the literature, tympanometric curves are usually classified as follows: type A (normal curve having a single peak of admittance between À150 and 100 daPa and a volume of 0.2 to 1.8 mL); flat or type B (flat curve with no admittance peak); type C (admittance peak shifted to negative pressures); As (curve with low admittance); Ad (interval between the two branches of the curve equal to or greater than 100 daPa) 16 ; DP (double peak curve) 17 ; ASS (asymmetrical curve with peak at high positive pressure); and I (inverted curve with an inverted configuration compared with the normal curve). 18 However, there are also other less common types of tympanometric curves.
19-21
Among the studies analyzed in the current review, it was observed that there was a consensus that the type A curve indicated a normal ME, 1, 15, [17] [18] [19] and B, C, As, and Ad curves implied an altered ME.
15,22-25
Regarding the DP curve, also called a type D curve, five studies showed that this curve indicates normality of the ME in the case of neonates. 15, [22] [23] [24] 26 According to one author, 3 this type of tympanogram is most often identified in the neonate population when tympanometry testing is performed with a 226-Hz probe tone. This is because such This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited. registration occurs when measurement is performed at the resonant frequency of the ME and in the case of this population, this frequency is shifted to lower values. Regarding the I and ASS curves, it was found that there are disagreements with regards to their normal standards and which parameters should be used for classification of a normal or altered curve. The ASS curve and the I curve can be identified in subjects with and without alteration of the ME and can be regarded as normal or altered. 22, 27 One publication stated that the I curve should be classified as normal in infants.
22
Besides the ambiguity that exists in the classification of curves with a 1,000-Hz probe tone, another issue regarding high-frequency tympanometry in neonates is the high number of unclassified or indeterminate curves obtained by the use of classification systems designated for the low-frequency tone test in adults and older children. 7 This has created more doubt and questions regarding curve classification and the parameters that define categorization as normal or abnormal. In a study using 1,000-Hz testing, the authors classified curves as follows: type 1 (similar to type A), type 2 (similar to type B), type 3 (similar to DP), and atypical forms. With a 226-Hz tone test, in addition to using the classification of DP, the authors also used the nomenclature single-peak tympanogram, multiple-peak tympanogram, and invalid tympanogram. From this perspective, the authors concluded that there is no direct correspondence between ME condition and tympanometry curve type. However, the type 1 curve, which was obtained in 92.3% of neonates, indicated an ME without alterations.
1
It has been hypothesized that changes in the patterns of tympanometry may also vary according to the age of the individuals assessed. In one study using a 226-Hz probe tone, the percentage of type A curves increased with increasing age, and the percentage of DP curves decreased. 15 Furthermore, the use of the 1,000-Hz tone decreased the prevalence of flat tympanograms and increased DP curves in a group of children. However, it should be mentioned that the sample surveyed included no children with ME alterations. Changes in the quantitative values of tympanometry can be justified by the rapid anatomical growth of the ear in neonates during the first 6 weeks of life. 28 An increase in resonance frequency occurs in the ear of neonates, and this shifts the type of tympanometric curve from DP to single peak. This alteration can be explained by anatomical evidence showing that the physical structure of the ear changes from a state allowing positive reactance (dominated by mass) to one allowing negative reactance (dominated by stiffness). When the ME reaches negative reactance, the low-frequency tone test becomes an appropriate tool to evaluate the peripheral auditory system. That is, with the evaluation of ear reactance, it is possible to identify the resonance frequency, and if this is low, the use of a high-frequency tone is sufficiently sensitive. However, if this frequency approaches the frequency of the adult, the conventional 226-Hz tone should be used. Such changes in resonance frequency may be due to intrasubject variability or true evolution of ME function with age.
26
Relationship between Tympanometry and Other Audiological Evaluations
Other procedures used to identify hearing loss in infants include measurement of otoacoustic emissions (OAEs) and brainstem auditory evoked potentials. It is possible to correlate the results of these procedures and tympanometry traces to better assess hearing condition. The literature indicates that the 1,000-Hz probe tone has a higher correlation with the responses of transient otoacoustic emissions (TOAEs) and distortion product otoacoustic emissions. 23, 24, 29 The 1,000-Hz tone displays this correlation in both the evaluation of normal ears and ears with ME alterations. Tympanometry with a 226-Hz tone provides results consistent with assessment of OAEs in the presence of a normal ME only.
23
For infants with TOAEs present, both probe tones have good specificity but, for infants with TOAEs absent, the 1,000-Hz tone is more sensitive for the identification of possible alterations in the ME. 22 From this perspective, the use of tympanometry with a 1,000-Hz tone in infants is the most appropriate procedure for detecting changes in the ME, especially when TOAEs are absent.
24
On the other hand, different tympanometry curve types can be identified even in the presence of different OAE recordings. The reason for the detection of heterogeneous curves even with the presence of OAEs, which suggest normal ME function, is unclear. It may be due to the fact that light dysfunction of the ME is not able to prevent OAE recording or may even be caused by inadequate sealing of the probe, resulting in movement-generated artifacts. The relationship between responses to 226-and 1,000-Hz probe tones and OAE recordings was also analyzed in a study of children with Down syndrome, showing a strong correlation between 1,000-Hz tympanometry and OAE results. 
Test Frequency Most Suitable for Evaluation of Infants
Despite the fact that it has been used for decades, the 226-Hz tone test is not the most appropriate for assessing infants, 1,2,5-8,22-24,27 mainly because, as already mentioned, this population has maturational characteristics that are distinct from children older than 6 months of age and adults. Among the sources analyzed, were identified three studies that used testing tones of 678 and 630 Hz in addition to 226 and 1,000 Hz. In all three studies, the authors observed that the 1,000-Hz tone test showed better results for the characterization of tympanograms when compared with other frequencies. 7, 27, 31 Studies have shown that the efficacy of the 1,000-Hz tone in relation to the 226-Hz and 678-Hz probe tones is justified by the fact that mass components are larger at high-frequency probe tones and lower at low-frequency probe tones, which modifies the resonance characteristics of the ME.
1,2 Changes in the wall of the external auditory canal, ME mobility, and tympanometric characteristics are observed in the first months of life. This is because the ME of children is dominated by the component of mass, and the resonance frequency tends to be lower when compared with normal adults, in whom the system is controlled by stiffness. 14 A Brazilian study investigating resonance frequency reported a value of 250 Hz in children between 2 and 12 days and a value of 385 Hz in children between 72 and 84 days.
32
Conclusion
After the analysis of several publications, it was found that both the test tones of 226 and 1,000 Hz show false-positive results (indicating the presence of alterations in the ME when they do not exist) and false-negative results (when changes are not detected even in their presence). However, both falsepositives and false-negatives are less frequent with the 1,000-Hz probe tone. For this reason, the test frequency of 1,000 Hz is more sensitive and specific than the frequency of 226 Hz for the assessment of ME alterations in neonates. Therefore, it is concluded that this probe tone is most appropriate for evaluating infants less than 6 months of age. Although the literature confirms that the 1,000-Hz tone test is the most appropriate for assessment in this population, further studies are needed to clarify the doubts that still exist regarding the use of tympanometry with a high-frequency tone. In addition, better systems for the classification of curves and normality criteria should be investigated.
